Introduction
Zinc oxide (ZnO) is a wide direct band gap (3.37 eV at room temperature) semiconductor with a large exciton binding energy of 60 meV [1] , which makes it an attractive material for optoelectronics and light-emitting diodes [2, 3] . The morphological diversity and versatility of the ZnO nanostructures were reported in various related literatures [4] . Evidently, one-dimensional ZnO nanorods (NRs) are attracting most of the attention in research related to photocatalysis, sensors, light-emitting devices and excitonic solar cells [2, 3, 5] . The optical and electrical properties of the ZnO are strongly dependent on its dimensions and morphology. ZnO NRs with a large diameter (≥100 nm) are usually required for efficient excitonic emission of ZnO [6] . However, Chang et al. [7] showed that an intensive excitonic emission from 10 nm ZnO layer deposited on Si nanopillars is the result of the high surface to volume ratio from the Si nanopillars. Moreover, larger interfacial excitonic surface area in excitonic solar cells has led to the improvement in power-conversion efficiency by enhancing the electron mobility [8] .
The recent advancement in materials synthesis has stimulated a tremendous number of complex nanowires (NWs) structures, such as dendritic, branching and hierarchical NWs [9] [10] [11] [12] [13] . Inspired by their novel morphologies, these structures have significantly increased device efficiency in water splitting [9, 10] , sensors [11] , Li-ion battery [12] and photovoltaic devices [13] . Following this strategy, density of the ZnO NRs can be greatly increased by 4 implementing the high surface area of one-dimensional NWs as substrate to form a three-dimensional branching of nanostructures. In order to fabricate the hierarchical structure, vertically-aligned NWs arrays are generally required to form a base for the secondary growth of ZnO NRs.
Si wire/NWs have been widely used as building blocks to make hierarchical growth in a variety of nanostructures [9, 10, [13] [14] [15] [16] [17] . Deeper understanding of the growth and properties of Si NWs [18] has presented an advantage of the hierarchical heterostructure NWs and inclined to be used as in Si-based electronics. ZnO can naturally form a p-n junction with Si [19] , which is suitable for junction photovoltaic devices. Baek et al. [13] demonstrated an improvement in solar cell efficiency by decorating the Si rods with ZnO NRs. In another study, hierarchical Si/ZnO nanoheterostructures fabricated by Sun et al. [15] showed a peak responsivity of 12.8 mA/W at around 900 nm, which makes it applicable as photo detectors.
On the other hand, the natural conduction band alignment of Si/ZnO interface favors the electrons transfer from the Si conduction band to the ZnO conduction band [20] . As a result, electrons will accumulate at the ZnO surface and thus makes it easier to tunnel through a vacuum. This significantly improves the turn-on field and field enhancement factor when hierarchical Si/ZnO NWs are used as field emitters [16, 17, 20] .
Understanding the secondary growth process is essential in order to produce homogeneous ZnO NRs on the Si NWs. Despite several previous efforts of study, it remains a challenge to control the hierarchical growth of ZnO NRs on a vertically-aligned NW. One of the main challenges is to avoid ZnO from forming an outer-shell layer on the Si NWs due to the more favored in planar growth rather than the c-axis growth on the Si NWs [21] . Metal catalyst [22] , photo-resist layer [14] and ZnO seeds layer [13, 15, 17] were independently used by 5 researchers in order to direct the c-axis growth of ZnO NRs. ZnO seed layer is a better candidate as it avoids contamination due to the diffusion of catalyst or residual photo-resist compound. Moreover, controlled growth of ZnO NRs on Si NWs is more difficult than on micron-sized Si wires because of the smaller dimensions of the NWs (in some cases the dimension is equivalent to the dimension of ZnO NRs itself). Therefore, it is necessary to optimize the size of the ZnO seeds to maximize the yield of ZnO NRs on Si NWs.
Most studies utilized electroless metal etching Si NWs as bases for the secondary growth of ZnO nanostructures [15] [16] [17] 20] . Nevertheless, the high density of Si bundles limits the space for the elongation of ZnO molecules [15] . In this work, we prepared Si NW arrays with micron sized interspacing between the NWs using indium (In) catalytic hot-wire chemical vapor deposition (HWCVD) [23] . ZnO seeds were overlaid on the surface of the NWs using a spin coater to direct the growth of ZnO NRs. The secondary growth of ZnO NRs on the ZnO seeded Si NWs were studied using a vapor transport and condensation (VTC) method. By varying the spinning speed, different sizes and densities of ZnO seeds were formed on the Si NWs. This allowed us to study the catalyst size effect on the growth of hierarchical ZnO NRs.
Morphological, structural and optical properties of the as-grown hierarchical-oriented Si/ZnO heterostructure NWs were examined by using a variety of characterization techniques.
Experimental details

Synthesis of silicon nanowires
Si NWs were synthesized on p-type crystalline Si(111) and glass substrate using a home-built plasma-assisted HWCVD system [24] . The substrates were cleaned using a standard RCA method [25] prior to the deposition. The size of the In seeds formed onto the substrate by 6 evaporating the In wire (1.3±0.1 mg) in a H 2 plasma environment were ~70±12 nm. The In seeds acted as catalysts for the growth of Si NWs. Hydrogen (H 2 ) diluted silane (SiH 4 ) gas was used as the Si source. The flow rates of SiH 4 and H 2 were fixed at 5 and 100 sccm, respectively. A coiled tungsten filament placed 3 cm above the substrates was heated at a temperature of 1700-1800 o C to decompose the SiH 4 and H 2 gases. The gas pressure for sample preparation was at 0.6 mbar. The deposition time was fixed at 10 minutes. The details of the deposition protocol have been previously described [23, [26] [27] [28] . 
Vapor transport and condensation growth of ZnO nanorods
ZnO nanostructures were deposited onto the ZnO seeded planar (c-Si and glass) substrates, and Si NWs coated (c-Si and glass) substrates via a VTC process using a quartz tube furnace [29] . Mixture of ZnO and graphite powder (ratio of 1:1) with a total weight of ~0. 
Characterization techniques
The morphology of the samples was studied using a Hitachi SU 8000 field emission scanning electron microscopy (FESEM). An X-MAX Oxford Instrument energy dispersive X-ray spectroscopy (EDX) spectroscopy attached to a JSM-7600F JEOL FESEM was utilized to obtain EDX spectra and mapping images for composition analysis of the samples. Structural properties of the samples were analyzed using a SIEMENS D5000 X-ray diffractometer. The properties of the samples.
Results and discussion
Tapered Si NWs with length (l) of ~2 µm and base diameter (d) of ~120 nm were used as a base for the ZnO deposition. The FEEM images of the Si NWs can be found in our previous reported works [22, 28] . By assuming the NWs possess a cone-shape, lateral surface area of a NW can be estimated using the relation as: The ZnO nanostructures were grown on the ZnO seeded Si NWs using a VTC method. respectively. The Raman active E 2 mode (439 cm -1 ) as a characteristic of hexagonal ZnO [32] was observed in the 514 nm Raman spectra in addition to the transverse optical (TO) mode of crystalline Si (~520 cm -1 ). Meanwhile, the peak position of the E 2 mode is similar to the bulk ZnO (437-439 cm -1 ), which indicates an unstrained state of the hierarchical ZnO NRs [33] . By using the 325 nm laser excitation wavelength on the Si/ZnO hierarchical NWs, the longitudinal optical (LO) phonon modes of ZnO went up to three orders together with the TO mode of crystalline Si as shown in the Raman spectrum. The observed multiphonon LO modes were due to the wurtzite ZnO under resonant Raman condition [34] .
The TEM analyses on the Si/ZnO heterostructure NWs are presented in Figure 5 . hexagonal into triangular faceted cross-section due to evolution in lateral/radial growth process was also observed in hexagonal Si wire by Oehler et al. [36] . In our case, we believed that the facet evolution eventually transformed the ZnO seeds into the triangular pyramid structures with the top polar facets. From the surface energy viewpoint, the polar faces, for instance {0ī11} faces possess a lower surface energy compared to the non-polar side {01ī0}
faces [37] .Thus, the growth velocity towards [0ī11] orientation is higher and this tends to The typical PL spectra of ZnO NRs on planar Si, Si NWs and Si/ZnO hierarchical NWs are shown in Figure 8 . Both ZnO NRs on planar Si and on Si NWs were prepared under the same conditions. The FESEM image of the ZnO NRs grown on planar c-Si substrate is inserted in Figure 8 . The Si NWs exhibit orange and red emissions peaking at 620 nm and 680 nm, respectively, due to the radiative recombination center of the incomplete oxidation of In catalyst and emissive nanocrystallites Si on the surface of the Si NWs [40] . ZnO NRs grown 17 on ZnO seeds coated Si substrate using VTC method revealed a broad range of green to red emission, centered at ~550 nm with a shoulder at a range of 650 to 720 nm, and minute UV emission (~380 nm). The green emission is normally assigned to the participation of oxygen vacancy defect [41, 42] in ZnO NRs, while the orange and red emission could be due to the Zn vacancy [43] or Zn interstitials defects [44] . The weak UV emission is attributed to the near band edge emission of ZnO [45] . ZnO crystals for efficient UV emission [11] .
The optical properties of the Si/ZnO hierarchical NWs were also studied in order to investigate the role of hierarchical ZnO NRs on the Si NW arrays. 
Conclusion
The hierarchical growth of ZnO NRs on ZnO seeded Si NWs were studied using a VTC 
